Abstract. Confocal microscopy is a potentially powerful technique for obtaining equation-of-state (EOS) data for fluids in a diamond anvil cell. Unlike conventional microscopy, a confocal microscope scans the cell in three dimensions. From the intensity profile of the reflected laser light, we calculated the index of refraction and optical thickness of the sample contained in the cell. These measurements, combined with the cross-sectional area of the sample, enabled us to calculate the volume. As a test of the experimental technique and analysis, we produced a pressure-volume curve for liquid water at 300K. The results agree with published EOS data within experimental error. We have also applied the technique to measure the pressure-volume curve for fluid argon at 300K.
INTRODUCTION

Confocal microscopy was developed in 1955 by
Marvin Minsky, and is a mature technology used today mainly in the life sciences to produce 3-D images of cellular structures [l] . They can be used in high pressure physics, not only to produce 3-D images [2] , but also to measure the volumes of samples in a diamond anvil cell. Figure 1 is a schematic of the experimental setup.
Volume measurement is done by measuring the reflected intensity profile (Figure 2 ) of the diamond anvil cell. As the microscope scans the volume of the cell, laser light is reflected from the optical interfaces (air-anvil, anvil-sample, sample-anvil, anvilair) within the cell. The reflected laser light is most intense when the microscope is focused at an interface. Reflected intensity as a function of focus position is called the reflected intensity profile. It takes the form of peaks, one for each interface. These peaks of reflected intensity may be used to calculate the optical thickness and refractive index of the sample. The area of the sample is measured using a 2-D image of the sample. These three measurements are combined to produce a measurement of the sample volume. The ruby fluorescence scale is used to measure pressure.
In this paper we discuss some of the details of Focus position (microns) FIGURE 2. Reflected intensity profile of a DAC, showing peaks of reflected intensity at the interfaces. Peak 1 is the first diamond-air interface. The sample-diamond interfaces are peaks 2 and 3. The second diamond-air interface is not shown.
volume measurement using the confocal microscope, and the results of measurements on water and argon.
OPTICAL THICKNESS AND REFRACTIVE INDEX
The peaks of the reflected intensity profile have the following functional form [3] :
where A is the peak height, z is the position of the objective lens focus, z,-is the position of the interface, R is the Rayleigh range of the incident laser, and a is a combination of parameters which control the shape of the peak. The position z,-of each peak i can be used to find the optical distances between peaks, and thus the optical thickness of the sample. To convert optical thickness to true thickness it is necessary to measure the refractive index of the sample. This is done as follows. The amplitude^,-of each peak i is proportional to the product of the reflection coeflicient of the interface i and the transmission coefficients squared for each interface j < i. In a diamond anvil cell, the amplitude of the first peak is proportional to the reflection coeflicient of the air-diamond interface. The amplitude of the second peak is proportional to the refractive index of the diamond-sample interface and the square of the transmission coeflicient for the air-diamond interface. This is because the laser must pass through the air-diamond interface, reflect from the diamondsample interface, and pass through the air-diamond interface again. Consequently the ratio of the amplitude of the second peak to that of the first can be used to calculate the refractive index[3] of the sample, given the refractive index of air [4] and diamond [5] found in the literature.
EXPERIMENTAL PROCEDURE
The model of reflection and refraction of a Gaussian beam, used to calculate the shape of the reflected intensity profile, is very simple. Optical effects such as scattering, absorption, and diffraction are not explicitly considered.
In order to get well-defined peaks in the reflected intensity profile, one must first select a laser wavelength appropriate for the sample under consideration. The sample should be optically homogeneous and relatively transparent. Irregular surfaces in the sample will give unmeaningfiil results.
The diameter of the pinhole of the confocal microscope should be adjusted to be much larger than the Rayleigh range of the laser beam. If too much of the beam is clipped, the Gaussian beam model is invalid. The microscope we use (Zeiss LSM 510 Meta) allows one to set the diameter of the pinhole in Airy units, which depend on the wavelength selected. We use a diameter of 2.5 Airy units. Small diameters (less than 1 Airy unit) produce significant diffraction around the edges of the pinhole; the beam is no longer Gaussian and the model is invalid, and strangely-shaped peaks will be observed. Large diameters (more than 3 or 4 Airy units) will produce broad, flat-topped peaks, difficult to fit with precision.
An objective must be selected. We have not systematically investigated the effect of objective lenses on the reflected intensity profile, but presumably a very large numerical aperture will invalidate the paraxial approximation upon which the Gaussian beam model is calculated.
[3] The objective used in this work is a Zeiss Plan-Neofluar lOx lens with a numerical aperture of 0.3.
The diamond anvil cell must be securely mounted so that the diamond surfaces (table and culet) are perpendicular to the optical axis of the microscope. Significant deviations will result in distorted peaks. The refractive index measurements should be calibrated by measuring the indices of known substances at ambient pressure and temperature, preferably using the same preindented and drilled gasket that will be used for measuring the sample of interest. We are currently investigating the effect, if any, of gasket thickness on refractive index measurement.
In this work we use diamonds with culets 600 microns in diameter. Our gaskets are typically preindented to around 100 microns in thickness, and the hole drilled in the gasket is typically about 300 microns in diameter. Naturally our pressures are relatively low, below 10 GPa.
Following the guidelines above, the sample may be prepared and its reflected intensity profile measured. It is important to set the gain and offset of the microscope's photodetector to best take advantage of the photodetector's dynamic range and also make sure that the photodetector measures zero reflected intensity correctly. On our microscope the photodetector has a dynamic range of 8 bits, and we set the photodetector to read zero about 400 microns from the air-diamond peak.
DETERMINING VOLUME
The reflected intensity profile of the sample will yield the refractive index and optical thickness of the sample. The area of the sample is determined by measuring the area of a 2D section of the sample.
Measurements in a diamond anvil cell are typically considered to be functions of pressure. The uncertainty of the measured optical thickness, we have found, is independent of pressure and is absolute (about 1 micron, for our microscope); it is dependent on the precision of the stepper motors of the microscope. The uncertainty of the amplitude of the peaks is less than one per cent; however, the refractive index is calculated from the ratio of peaks and thus the scatter in the index measurement is larger. For the purpose of calculating volume, it will be necessary to fit the refractive index as a function of pressure to smooth the data. From the standard deviation of the measured indices about the fit we estimate the uncertainty in the index measurement to be one per cent. [8] .
If neglected optical effects of the sample, such as absorption and scattering, vary as a fimction of pressure, the refractive index calibration will be less accurate as pressure increases.
The volume is calculated as the product of area, smoothed refractive index, and optical thickness. We assume that the area is constant throughout the volume of the sample, that the diamond culets remain flat and perpendicular to the sides of the sample volume, and that as the gasket distorts the sample volume remains regular. Consequently this method is better suited to lower pressures, and in this work pressures are well under 10 GPa.
Absolute volume is produced by the confocal data. For argon, we calculate molar volume by fitting data taken in the solid phase to an equation of state, produced by X-ray scattering, found in the literature [9] . This will give a scaling for the absolute volume proportional to the mole number of the sample. From the standard deviation of the measured molar volumes about the published equation of state, we estimate the uncertainty in the molar volume measurement to be about one percent.
RESULTS FOR WATER AND ARGON
Our previously published[3] volume measurements for water are shown in Figure 3 , and compared with equations of state for water [6] , ice VI [7] , and ice VII [8] from the literature. FIGURE 4. Equation of state for argon, compared with solid X-ray data [9] and fluid piston-cylinder data [10] .
These were our first results using confocal microscopy, and since then we have refined the technique, developing the guidelines presented in the previous sections. Most of the scatter in the water measurements derives from scatter in the refractive index measurements. Fitting the refractive index as a fimction of pressure, and using the fit to calculate volumes, reduces the scatter in the volume measurements considerably. This may be seen in figure 4, which shows our experimental results for argon. The measurements show much closer agreement with the literature due to our refinement of the confocal technique.
DISCUSSION
Confocal microscopy, if performed according to the guidelines presented here, can measure volumes of samples in diamond anvil cells and refractive indices to a precision of about one per cent, subject to the following constraints.
The sample must be optically homogeneous and relatively transparent, with negligible scattering and absorption. The pressures should be relatively low, under 10 GPa, so that the diamonds do not significantly deform and the sample remains relatively uniform in cross-section. The measurements should extend into the solid phase where good X-ray diffraction data exists, so that the absolute volumes may be scaled accurately. Given these restrictions, we have measured the refractive index as a fimction of pressure, and the liquid equation of state, for water and argon. Our measurements are in agreement with the literature, with the precision of the argon data much better than that for water.
In fiirther work we plan to extend the usefiilness of the technique, as well as perform measurements for substances less well studied than water and argon.
